To evaluate the predictive validity and calibration of the pneumonia severity-of-illness index (PSI) in patients with community-acquired pneumonia (CAP).
C ommunity-acquired pneumonia (CAP) is associated with high and variable mortality rates among hospitalized patients. 1, 2 The ability to assess prognosis of people with CAP is important for several reasons. 3 Accurate assessment of prognosis may help physicians make clinical decisions about hospitalization and management. Further, a prognostic index can be used to adjust for case mix when comparing outcomes of care across populations of patients. Finally, assessment of prognosis may be useful in a research setting to adjust comparisons in observational studies for case mix or to help ensure that assignment of patients to different treatments in a randomized study is balanced with respect to severity.
A variety of generic prognostic indicators or severity scores are available. [4] [5] [6] [7] [8] [9] Although these scores can be useful, it has been suggested that disease-specific case-mix adjustment systems may provide more accurate information. 8 Fine and his colleagues have described a disease-specific clinical prediction rule for CAP called the pneumonia severity-of-illness index (PSI). 8, 10 Clinicians and investigators should evaluate prognostic scores like the PSI before using them. [11] [12] [13] Evaluation measures that can easily be used include the prediction rule's ability to distinguish patients who die from those who live (discriminatory ability) and the correspondence between the predicted and observed mortality in groups of patients (calibration). 11 The purpose of this article is to validate the PSI in a new patient population and to describe a modification of the PSI that improved the index's calibration. 13 
METHODS

Study Design
We conducted a retrospective chart review of randomly selected patients admitted with CAP to 22 community hospitals participating in a quality improvement project.
Study Population
Patients admitted between July 1, 1994, and June 30, 1995 .0 for the principal cause for hospitalization were eligible for inclusion in the study if pneumonia was mentioned as a principal diagnosis in the medical record during the first 12 hours of hospitalization and listed as the primary cause of admission at discharge.
Patients were excluded if they were transferred from another acute care facility; were hospitalized within the previous 14 days; died within 4 hours of admission; were HIV positive; or had received a transplant, radiation, or cytotoxic therapy during the 30 days prior to admission.
Patient Sample
Fifty records from eligible patients at each hospital were randomly selected from the study cohort in each hospital.
Data Abstraction
Each hospital copied the sample patient records (charts) for central abstraction by trained nurse abstractors who used a standardized, piloted abstraction tool to collect all patient-specific information. Interrater reliability was determined with a random reabstraction of 5% of the charts.
Computation of Patient Pneumonia Severity Index
We calculated the PSI for each patient on the basis of the patient's unique set of prognostic indicators and the gender-and age-specific logistic regression parameters as described by Fine at al. 8 We treated missing information by imputing the value for the reference category (normal or lowest risk) in the calculation.
Data Analysis
We estimated the discriminatory ability of calculating the c statistic, an estimate of the area under the receiver operating characteristic (ROC) curve. 14 The c statistic measures the ability of the model to discriminate between those who will and those who will not die and is bounded by the values of 0.5 and 1. 14 If the predicted probabilities of those who die are uniformly greater than those who survive, then the value of the c statistic is 1; if they are randomly distributed among the two groups, the value of the c statistic should be about 0.5. 14, 15 We assessed the calibration of the original and recalibrated PSI by dividing the patients into deciles of predicted risk of dying. 11, 16 We divided the PSI scores into deciles and used a Hosmer-Lemeshow 2 goodness-of-fit test to assess the predictive properties of the index over a range of estimated risks of death. 11 We restricted our evaluation to include risk strata for which the expected number of deaths was at least 5. Results were similar when we combined the lower deciles into a single stratum with at least 5 deaths or when we based the test on a smaller number of equal-sized groups defined by tertiles of risk.
Because the observed mortality was considerably different from that predicted by the PSI for our 22 study hospitals, we recalibrated the PSI. For each patient, we transformed the patient-specific PSI score using the logit transformation. 16 We entered the transformed score into a logistic model as an independent variable. This procedure yielded a recalibrated model with a new (maximum likelihood estimate) intercept. This approach to recalibration leads to a model with the property that the sum of the predicted deaths equals the sum of the observed deaths, a feature of maximum likelihood estimators in logistic regression. 16 Then we recalculated the probability of death for each patient by appropriate inversion of the logistic transformation. We estimated the discriminatory ability and calibration of the transformed score as described above. Finally, we compared calibration and predictive ability of the PSI across five groups of patients defined by the same percentiles of the PSI as were used by Fine et al. 8 Finally, we evaluated possible improvements in the score by adding more predictors to the logistic regression model that already included the logit-transformed PSI. We calculated confidence intervals and p values using both an approach based on generalized estimating equations that accounted for possible correlation or clustering of outcomes within a hospital and one based on ordinary logistic regression. 17 The results using the generalized estimating equations were similar to those from ordinary logistic regression, so we have reported only the latter.
RESULTS
Our sample included 1,024 patients with CAP from 22 hospitals, an average of 47 patients per hospital. The mean age was 67 years, with a range from 20 to 106 years; 57% were female, and 78% were white. Patients admitted from a nursing home constituted 14.6% of the sample, and 9.3% of all patients had a do-not-resuscitate (DNR) order written. Altered mental status was recorded in 13%. Older patients and those admitted from a nursing home or who had a DNR order were at increased risk of death (Table 1) . A history of chronic obstructive pulmonary disease was present in 45% of patients; coronary artery disease in 26%; congestive heart failure, 24%; diabetes, 20%; cerebrovascular disease, 15%; and chronic renal failure, 4%. A history of chronic liver disease, malignancy, alcohol abuse, splenectomy, or malnutrition was found for fewer than 4% of patients. Twenty-one patients (2.1%) were suspected of having aspiration pneumonia.
Ninety-nine percent of the patients had a chest x-ray report available for abstraction. The admission chest x-ray was interpreted as showing an acute infiltrate in 791 patients (74%), and 2 of these (0.2%) were reported as demonstrating an abscess. The median as well as the modal number of lobes involved with the infiltrate was one, and a pleural effusion was noted for 11% of patients.
The risk of mortality associated with the individual risk factors included in the PSI is shown in Table 2 . The PSI risk factors individually associated with increased risk of death included lower systolic blood pressure; increased respiratory rate; altered mental status; and the presence of acidosis, lower hematocrit, elevated blood urea nitrogen, hyponatremia, and a history of either congestive heart failure or cerebrovascular disease ( Table 2 ). The PSI covariates that were associated with increased risk of death but whose 95% confidence intervals included 1 were elevated temperature and pulse rate, hypoxia, hyperglycemia, chest x-ray evidence of a pleural effusion, and the presence of coronary artery disease.
Calibration and Discriminatory Ability of the Pneumonia Severity Index
The mean (SD) PSI score, which can be interpreted as the individual patient's probability of death, was 0.28 (0.14) among patients who died and 0.11 (0.12) among survivors ( p Ͻ .001). We assessed the discriminatory ability of the PSI in our group of patients using an ROC curve. The area under this curve for the PSI was 0.847, significantly different from 0.5 ( p Ͻ .001), which indicates good ability to discriminate patients who die from those who do not, similar to the results of Fine at al. 8 When we divided the patients into deciles based on predicted risk as suggested by Hosmer and Lemeshow, the PSI score was a strong predictor of mortality, with numbers of deaths increasing for each increment in PSI ( p Ͻ .001) (Fig. 1) . 11 However, when we compared the number of predicted deaths with the observed number in the upper six deciles for which the expected number of deaths exceeded 5, the tendency of the PSI to overpredict deaths was present in all categories (Fig. 1) , with 119 predicted deaths compared with 49 observed, indicating poor calibration ( p Յ .001). Poor calibration, as reflected in a tendency to overpredict deaths, indicated a need to recalibrate the PSI before using it with our group of patients. We recalibrated the PSI by fitting a logistic model, as described in the Methods section. The estimated intercept was Ϫ 1.0 (SD ϭ 0.24), and the estimated coefficient of the transformed PSI score was 1.08 (SD ϭ 0.15), not significantly different from 1.0 ( p Ͼ .30). After recalibrating and forcing the coefficient of the transformed PSI score to be 1, the number of predicted deaths in the upper three deciles of risk for which the expected number of deaths exceeded 5 agreed closely with the number observed ( p ϭ .5) (Fig. 2) . The discriminatory ability of the model was little affected, with the area under the ROC curve remaining unchanged at 0.847.
For further comparison to the original report of the PSI, we divided the patients into five groups based on percentiles of the PSI, using the same percentiles described by Fine et al. 8 Interestingly, the predicted mortality for each category of risk was similar to that which Fine at al. 8 predicted for their derivation cohort (Table 3) . We also found a strong trend of increasing mortality with increasing PSI, but the PSI overpredicted mortality for each risk group. These results are, again, consistent with good discriminatory ability but poor calibration. After recalibration, the observed and expected numbers agreed more closely. For example, in the largest (severity class 2), the observed mortality was 1.8%, that predicted based on the PSI before recalibration was 6.0%, whereas that predicted by the recalibrated PSI was 2.1%.
DISCUSSION
The utility of a standard prediction model like the PSI is uniformity of measurement across populations and studies. For example, Iezzoni and her colleagues used two clinical indices based on the MedisGroups and a modification of the APACHE III scoring systems and three administrative models to predict severity of illness in patients with CAP. 4, 18 They found that as many as 25% of patients were assigned very different estimates of risk in pairwise 18 Thus, different severity indices used to adjust mortality, or other outcomes of care of CAP among hospitals (or other patient groupings), might result in different conclusions.
Iezzoni et al. found the greatest agreement between the two clinical scores. 18 While clinically based severity-ofillness measures may be superior for estimating risk of mortality in patients with CAP, are there reasons in addition to its clinical basis to prefer the PSI over previously studied indices like the MedisGroups and APACHE III scores? The PSI has two features that recommend it as a strong candidate for a standardized prediction rule for CAP. First, it is specific for CAP, and some evidence suggests that disease-specific indices may provide more accurate estimates of risk than do global severity indices. 19, 20 Second, the parameters for the PSI that allow calculation of patientspecific risk estimates, unlike those for the proprietary models, have been published, allowing independent use of the Fine model. 8 Other desirable characteristics of the PSI are that it directly yields a patient-specific estimate of mortality risk, uses information readily available for most patients, and uses predictors measured at or near the time of admission. Although we found that some of the patient attributes in the PSI were not strong risk factors in our population, all of the risk estimates were consistent with those reported for the PSI. It is important to note that the absence of statistical significance for individual risk fac- 
FIGURE 1.
Pneumonia severity index related to mortality.
tors does mean that the model is not useful in our population. It is not unexpected that risk factors for death in patients with CAP will differ among studies. 21 Differences may arise from many sources including study design, methods of patient enrollment and follow-up, selection of prognostic factors measured and methods of measurement, definitions of outcomes, source of patients, and sample size. Before the PSI can find wide use, it is important to demonstrate that it is a reliable and valid prediction rule in populations different from that in which it was derived. 13 This need arises from the observation that prediction rules frequently fail to perform as well as reported when used in new populations. This problem was previously identified when applying cardiovascular risk prediction rules across populations. An early study by Kleinbaum et al. found that the association of four risk factors with incidence among African Americans in Evans County, Georgia, was similar to that among other Americans. 22 When they applied a logistic regression model developed in a cohort of white males to this population, the mortality for African-American males was overpredicted. Recalibration of the model for white males led to substantially improved agreement between observed and predicted risk. 22 Similarly, Keys et al. found that although estimates of relative risk for coronary heart disease attributed to different factors were comparable for American and European cohorts in the Seven Countries Study, absolute risks were underestimated when European data were used to predict U.S. mortality. 23 Later studies of the widely used cardiovascular risk prediction model from the Framingham Heart Study have found a need to recalibrate the risk logistic in some, but not all, populations. Laurier et al. applied data from the Framingham (Mass.) study to predict the risk of cardiovascular disease to a French cohort and found that it predicted a twofold higher coronary heart disease risk than that calculated from a model developed in the French cohort. 24 However, after adjustment of the basal risk, which is similar to recalibration, agreement substantially improved. This phenomenon has been termed "the failure of cross-cultural risk prediction." 24 In contrast, application of the Framingham model to U.S. populations from the Western Collaborative Group Study and to the National Health and Nutrition Examination Study I (NHANES I) found estimates of absolute risk comparable to those observed in the studies. 25, 26 Consistent with these cardiovascular disease studies, we found that the predictive validity of the PSI to separate patients into groups based on risk in a new population was high as assessed by the area under the ROC curve. 14, 15, 27 We also found that the calibration of the PSI was poor in our study and that the PSI predicted about 2.4 times more deaths than actually occurred in our population. The lowerthan-predicted absolute mortality in our patient population is probably due, at least in part, to a real variation in mortality by time and place; the mortality of 13% in the derivation cohort and 11% in the validation cohort in the study of Fine et al., 8 was substantially higher than that of 4.8% observed in our population. The inability of the severity index to account for the lower mortality in the Georgia patients presumably reflects the presence of other, unmeasured factors. These factors potentially include regional and secular differences in admission criteria, differences in treatment and antibiotic usage, differences in available technology, and differences in disease and patient prognostic factors. The overestimation of risk, in turn, led to biased estimates FIGURE 2. Recalibrated pneumonia severity index related to mortality. of risk-adjusted mortality comparisons between the Fine derivation population and the community hospital sample, but not within the study population itself. As it is not possible to tell when recalibration may be necessary and the misestimation of risk that may result from a poorly calibrated risk predictor may lead to biased inferences about hospital-specific risks and hospital-to-hospital variations in mortality outcome, it seems prudent to recommend that calibration be assessed on a study-by-study basis. Several approaches have been suggested to recalibrate prediction rules. These include the empirical indexing described above, revision using Bayes theorem, and application of multiattribute utility theory. 28, 29 The recalibration in our study was easily accomplished by simple logistic regression. Although not the main emphasis of their work, the approach used by Iezzoni 9 and Iezzoni et al. 12 to compare different risk adjusters effectively recalibrated each score. The resulting estimates of absolute risk led to aggregate agreement between observed and expected deaths, for all hospitals and patients combined.
A modified PSI published by Fine et al. illustrates the evolving nature of risk prediction for CAP. 30 The revised PSI was used to derive a simple predictor score for clinical risk stratification. 30 Calculations from our study data (not shown) support the use of the modified PSI across populations to predict risk as a ranked measure in that mortality increased substantially across risk classes defined by the point system. However, mortality in our cohort was lower in every risk class when compared with rates observed by Fine et al. in their derivation cohort (p Ͻ .001). Since the modified PSI was not published with coefficients, we could not evaluate its calibration in detail, but would caution that our results suggest that, when applied to patients with CAP from a different population, mortality within risk classes may differ from that in the cohorts analyzed by Fine et al.
A limitation of our study is that the inclusion criteria we used were not identical to those used by Fine et al. 8 For example, we required mention of pneumonia as a primary diagnosis in the medical record within 12 hours of admission as well as a principal ICD-9 pneumonia code, whereas Fine et al. only required an ICD-9 diagnosis. Furthermore, unlike Fine et al., 8 we excluded deaths that occurred with 4 hours of admission. However, only two such patients were excluded. Moreover, Fine et al. included some pneumonia of fungal and "miscellaneous" etiologies, which we did not include. Because the frequency of specific classes of pneumonia was not published, we could not assess directly the potential impact of these differences in inclusion criteria. However, the patients we did include accounted for about 97% of the patients in the categories used by Fine et al., and the differences in inclusion criteria probably do not explain the tendency of the PSI to overestimate mortality in our population. 31 These variations between the two sets of inclusion criteria reflect the contingencies of our quality improvement study. If the differences in inclusion criteria did, in fact, bias our sample cohort toward healthier patients, this could account for the overestimation of death and poor calibration of the PSI when applied in our study. However, our results under this assumption continue to support the conclusion that, while the PSI may be sensitive to patient selection criteria that are not accounted for by the PSI, recalibration is needed. Further, the good discriminatory ability and predictive consistency of the PSI in the face of variation of inclusion criteria support the potential for broad application of the index.
In conclusion, we found the PSI to be a reliable and valid disease-specific measure of severity of illness in patients with CAP that is transportable across populations. Although the original PSI overestimated absolute risk of death in our population, recalibration corrected this problem. We described a simple, data-based approach to recalibration, which corrected the overestimation of absolute risk of death in our population.
